Native horse mucus is characterized with micro-and macrorheology and compared to hydroxyethylcellulose (HEC) gel as a model. Both systems show comparable viscoelastic properties on the microscale and for the HEC the macrorheology is in good agreement with the microrheology. For the mucus, the viscoelastic moduli on the macroscale are several orders of magnitude larger than on the microscale. Large amplitude oscillatory shear experiments show that the mucus responds nonlinearly at much smaller deformations than HEC. This behavior fosters the assumption that the mucus has a foam like structure on the microscale compared to the typical mesh like structure of the HEC, a model that is supported by cryogenic-scanning-electron-microscopy (CSEM) images. These images allow also to determine the relative amount of volume that is occupied by 1 arXiv:1703.03447v1 [cond-mat.soft] 9 Mar 2017 the pores and the scaffold. Consequently, we can estimate the elastic modulus of the scaffold. We conclude that this particular foam like microstructure should be considered as a key factor for the transport of particulate matter which plays a central role in mucus function with respect to particle penetration. The mesh properties composed of very different components are responsible for macroscopic and microscopic behavior being part of particles fate after landing.
barrier [10, 18, 13, 15, 19, 20] . Only recently, it was shown by use of active microrheology and cryogenic-scanning-electron-microscopy (CSEM) [21] that mucus should have a porous structure on the micron scale. The active manipulation of immersed particles offers a deeper insight into the material properties of mucus, especially into the strength of its scaffold. A further step was to demonstrate, that passive immersed particles show a very heterogenous diffusion behavior, ranging from particles firmly sticking to the supposed scaffold and particles moving almost freely in an viscous environment [22] . However, so far, studies utilizing optically trapped microparticles have been scarce although they are able to greatly enhance our understanding of material properties. They enable the mapping of pore sizes and, by taking the local mobility of particles into account, allow to distinguish in an unambiguous way between a weak and a strong confinement. By utilizing strong optical traps, the rigidity of the mucus mesh can be probed in order to determine which forces the material is able to resist to.
In this study, we will first use a sophisticated linear response theory based on the Kramers-Kronig relation in order to obtain the microscopic complex loss and storage modulus. Due to the heterogeneity of the mucus, these values show a significant scattering, especially if compared to our model gel, a hydroxyethylcellulose gel (HEC). While the mucins in the mucus form the gel network by non-covalent interchain interactions, the HEC is a classical hydrogel without any covalent interchain interactions. Therefore one might expect certain differences, but an explanation for the cause of the large heterogeneity of the mucus is still missing. Additionally we compare our microscopic data to results obtained by macroscopic oscillatory shear rheometry. The results from the microscopic and macroscopic measurements are in perfect agreement for the HEC gel, while there is a huge difference for the mucus that seems to be much stiffer on the macroscopic scale. The CSEM images allow to hypothesize a foam like structure for the mucus with a comparable rigid scaffold and pores with "walls" that are filled with a solution of low viscosity and elasticity, compared to the mesh like structure of HEC. By evaluating the volume percentage of the pores compared to the scaffold we can estimate its elastic module by use of a foam model. Clearly, the biochemistry of penetrating objects plays an important role in the diffusional properties of the mucus but we will show that it has also unique viscoelastic properties that differ strongly from synthetic gels. We postulate that both aspects need to be considered for drug delivery to the airways using particulate carriers.
Materials & Methods

Sample gels
All our experiments on mucus were performed with native respiratory horse mucus. It was obtained during bronchoscopy from the distal region of four healthy horses and stored at 193 K until use. According to earlier studies, such storage conditions are not known to influence the material properties [23] . As a synthetic model gel for comparison, a 1 % (w/w) hydroxyethylcellulose gel (HEC; Natrosol 250 HHX Pharm, Ashland Aqualon Functional Ingredients) was chosen because it had similar viscoelastic moduli on the microscale. For the microrheology two kinds of particles were used, polymethylmethacrylate (PMMA) beads with a size of 4 µm and melamin resin beads with a size of 5 µm (Sigma-Aldrich). A Gene Frame (art.-no. AB-0576, ABgene, Epsom, United Kingdom) was used in microrheology as a sample cell to handle the low sample volume of 25 µl. In preparation of the experiments, HEC was dissolved in water and shaken gently for 24 hours. For the microrheology, approximately 2 − 4 µl of each particle suspension (solid content: 10 %) were mixed with 100 µl of sample resulting in particle concentrations of less than 1 %. Thus, hydrodynamic interactions between multiple particles are negligible. These samples were vortexed for about 5 minutes before use to make sure that the beads were distributed homogeneously. Afterwards, a Gene Frame was filled with the respective amount of sample and sealed airtight using a coverslip. No additional preparation of the samples was necessary for experiments in the cone and plate rheometer. All experiments in both setups were performed at room temperature.
Macrorheology
A rotational Mars II (Thermo Scientific GmbH, Karlsruhe, Germany) was used to perform the small and large amplitude oscillatory shear (SAOS and LAOS) experiments. With SAOS experiments the linear response of the material is tested, whilst LAOS experiments are used to characterize the nonlinear properties. First strain amplitude sweeps were performed in order to determine the region of linear response and the nonlinear properties of both materials and then a frequency sweep in the linear range was performed. The rheometer was equipped with a cone and plate geometry with a cone angle of 0.5
• for the measurements on mucus and a second geometry with an angle of 2 • in case of the HEC gel. In case of mucus, this enabled us to perform measurements on volumes as small as 500 µl with an acceptable signal-to-noise ratio. In case of HEC, bigger sample volumes were available so using the more sensitive 2
• geometry was a feasible option.
Microrheology
The optical tweezers setup described in Ref. [24, 21] was used to perform passive microrheology. Particle positions in the focus of the laser beam were recorded with a high speed camera (HiSpec 2G; Fastec Imaging) at a frame rate of 16 kHz. The recorded picture series were analyzed using a particle tracking algorithm based on the cross-correlation of successive images [24] . The complex shear modulus G * was then determined by applying a method proposed by Schnurr [25] . For this purpose, the Langevin equation describing the interaction of the confined bead with its surroundings is recast in frequency-space in such a way that particle displacementsx and the Brownian random forceF r are linked by the susceptibility or complianceα
The susceptibility is a function of the trap stiffness k and the frequency-dependent friction coefficient ζ. It is a complex quantity whose imaginary part is related to the 4 power spectral density of particle displacements |x(ω)| 2 by the fluctuation-dissipation-
with Boltzmann's constant k B and the temperature T . The Kramers-Kronig-relations allow the determination of the real part of the compliance by computing the principal value integralα
The function contained within the integral encompasses two poles at = ±ω which are excluded from integration by the means of the principal value integral indicated by the letter "P" in the integration symbol. Finally, the relation of the compliance and the complex shear modulus G * is given bỹ
where R c is the particle radius. The dependence of the complex shear modulus on the particle size given in this equation is the general one which arises due to the increasing drag force when choosing larger spheres. However, it does not include additional influences like for example caging effects of the spheres in pockets of a porous material like mucus. Such size dependencies which are caused by inhomogeneous structures within a fluid can be explicitly studied by varying the particle size (see for example [13] ). This was not conducted in our study, though. Just as in case of the macrorheologic shear modulus, the microrheologic shear modulus as well is composed of the elastic contribution G and the viscous contribution G , where G * = G + iG . However, due to the presence of the optical trap, there is an additional elastic contribution G trap = k/6πR c which has to be subtracted from the measured G in order to gain the actual sample properties. While it is possible to perform an online calibration of the trap stiffness in Newtonian fluids this is not possible in complex fluids like mucus. Thus, separate measurements with colloids in water were performed beforehand in a separate sample cell for this purpose using both the equipartition and the drag force method [27] . Typically, the stiffness ranged between 3 pN/µm and 8 pN/µm. Due to experimental restrictions in terms of the duration of a measurement as well as the influence of a translational drift a frequency of 1 Hz was chosen as the lower frequency cutoff. Hence, the microrheologic shear modulus is only given starting from a frequency of 1 Hz. There is an upper frequency cutoff as well which is defined by the Nyquist sampling theorem as half of the recording frequency, i. e. 8 kHz in our case. In order to minimize aliasing errors, which may be caused due to the Fourier-transforms, we chose a value of 3.5 kHz well below the Nyquist frequency as the upper cutoff, instead.
Cryo-SEM
Cryo-SEM images were taken as described in Ref. [21] . Sample gels were filled in a thin dialysis capillary and immediately frozen in liquid propane to only allow formation of amorphous water and circumvent formation of crystalline water. Capillaries were cut to expose the brim to sublimation of the amorphous water inside the gels. Finally the surface of the dry polymer scaffold was sputter-coated with platinum and samples were transferred into the SEM (DSM 982 Gemini; Zeiss) and imaged at −120
• C (5 keV, 5 mm − 6 mm working distance).
Additional CSEM measurements were performed with a JSM-7500F SEM (JEOL, Tokyo, Japan) equipped with an Alto 2500 Cryo transfer system (Gatan, Abingdon, UK). Respiratory horse mucus was placed between two metal freezing tubes (Gatan, Abingdon, UK) and the samples were frozen by plunging into liquid nitrogen. Inside the cryo transfer system the upper tube was knocked off to create a fracture surface and sublimation was performed for 15 min at 178
• K. Samples were sputter-coated with platinum at 133
• K, transferred to the SEM cryo-stage and imaged at 133
• K and 5 kV acceleration voltage (working distance 8.0 mm). CSEM images were analyzed by ImageJ 1.48v software (National Institutes of Health, USA) to determine the fraction of pore volume in the mucus. The relation of pore area to measured surface area at the brim was assumed to correspond to the relation of pore volume to mucus volume. Image contrast and brightness was adjusted appropriately and a threshold was set to distinguish the inside of the pores from the pore walls (Fig.1 b) . Pore areas were determined by the program using the Analyze Particles function (Fig.1 c) ). The sum of the pore areas was related to the total image area. 6 images with an overall area of 1458 µm 2 were analyzed.
Results
The shear modules from the microrheological measurements are shown in Fig. 2 . Data sets were recorded by confining particles in the focus of the optical tweezers at different locations within the bulk of the sample. The average values of more than 10 measurements are depicted by symbols while the regions in which all values are distributed are drawn as shaded areas. Both the elastic and the viscous shear modulus of mucus and the HEC gel are in the range from 1 Pa to 30 Pa. In case of HEC (Fig. 2(a)  and (b) ), the shear modulus shows a limited variance when switching locations within the sample, but for the case of mucus (Fig. 2(c) and (d) ), this variability is significantly enhanced, especially in the intermediate frequency range. For mucus, both viscous and elastic shear moduli increase monotonically and reach a plateau eventually. These results agree with earlier observations [21] . The HEC data sets cannot be compared directly to that former study since in the present study a higher concentration of 1 % was chosen to give a better representation of the microrheologic properties of mucus. Nonetheless, besides the larger scatter for the mucus, the results for both the passive microrheology of mucus and of the HEC gel in our actual study are quite comparable, i. e. the absolute values are very similar, they lay in the same order of magnitude and even their functional behavior in our accessible frequency domain is almost indistinguishable.
A completely different result is found in the macrorheology. Results from large amplitude oscillatory shear (LAOS) experiments are shown as shear stress versus shear strain plots, i. e. Lissajous plots, together with the respective shear modulus versus strain amplitude (Fig. 3) . While the Lissajous plots for HEC gels are always elliptic within the examined strain amplitude range (Fig. 3(a) ), this is not the case for mucus (Fig. 3(c) ). Instead of ellipses, the curves deform into parallelograms when exceeding a strain amplitude of γ = 100 %. While the response of a linear viscoelastic material typically has the shape of an ellipse in a Lissajous plot [14] , deviations indicate a non-linear response which is the case for mucus. This is also confirmed by the shear modulus versus strain amplitude plots (Fig. 3(b) and (d) ). While in case of HEC both the elastic and the viscous modulus only show weak changes up to strain amplitudes of γ = 300 %, in case of mucus a significant decrease becomes apparent for both. The onset of this decrease in G can already be observed at γ = 30 %. When exceeding a value of 100 %, it additionally becomes apparent in G . This nonlinear behavior is an indication of the particular behavior of mucus. However, in order to avoid higher harmonics in the small amplitude oscillatory (SAOS) linear response measurements, the shear strain has to be kept below this onset of nonlinearity. For the HEC model gel, the critical shear amplitude is γ ≈ 300 % and for the mucus γ ≈ 20 %. Thus, for HEC a constant strain amplitude of 25 % and for the mucus a much lower value of 1 % for the frequency sweep was used.
After completion of the amplitude sweep, a series of frequency sweeps was performed with the same sample. Using the strain amplitudes determined during the amplitude sweep, frequencies between 10 −2 Hz and 10 1 Hz were applied stepwise with five repetitions each to reduce the influence of noise while keeping the total duration of the experiment as short as possible. A short measurement duration was important to avoid evaporation of the samples. For both the HEC gel and mucus, the average of three of these sweeps is shown in Fig. 4 . In the measured frequency range from 10 −2 Hz to 5 Hz we find a monotonous increase in the moduli for the HEC gel but for the mucus already a roughly constant plateau is observed. Furthermore, the HEC gel shows a viscous behaviour at low frequencies while the mucus has a higher elastic modulus for all frequencies. This is most likely a consequence of the strong non-covalent interchain interactions of the mucins. In the same graph, we plot the averaged data from the microrheology (Fig. 2) . Here, the most striking differences between mucus and the HEC gel becomes apparent. For the HEC, we observe a continuous transition from the macro-to the microrheologic data. It is even possible to fit the combined SAOS and microrheology data approximately with the two-component Maxwell fluid model that consists of a viscoelastic contribution for the polymeric part and a Newtonian contribution for the solvent. Deviations from the model occur for G at frequencies below 1 Hz. In principle one could improve the agreement between the fit and the data by incorporating more relaxation times but the additional physical insight will be limited. One crossover frequency between elastic and viscous part is visible at 6 Hz and a second crossover might be present above 4 kHz, however, it can not be verified in the scope of our experiments since the relevant frequencies lie outside of the accessible spectrum. Thus, the HEC gel behaves mostly as a viscoelastic fluid below 6 Hz and as a viscoelastic solid above this value. In case of mucus in Fig. 4b , no such smooth transition from the macro-to the microrheologic data set is observed. A significant gap between the results gained by both experiments is present which encompasses three to four orders of magnitude. The SAOS data sets indicate that G and G are only weakly dependent on the frequency within the probed frequency range. A slightly more pronounced frequency dependence is observed for the microrheology data. However, all values of the viscous and elastic modulus remain between 1 Pa and 10 Pa for over more than three orders of magnitude in frequency. This clearly shows that there is a remarkable difference between the viscoelastic properties on the micro-and the macroscale. Of course, it is known that the microrheolical properties of mucus depend on the particle size even well below 1 µm, but our optical detection method did not allow to explore this regime. In any case, as one expects to find an even lower viscosity for smaller particles, the difference in Fig 4b will be even more pronounced. In Fig. 5 the CSEM images of a HEC gel and a mucus sample are shown for two different spatial resolutions. The polymeric network of the HEC shows a typical homogeneous mesh for a gel. The mucus shows a more heterogeneous distribution of polymeric material and especially in the large magnification a heterogeneous porous structure is visible. This scaffold of pore walls is made out of much thicker polymeric material than the polymeric network of the HEC gel.
Discussion
When comparing the microrheologic shear modulus of HEC and mucus (Fig. 2) we find similar viscoelastic properties. Both the elastic as well as the viscous modulus show a comparable response spectrum. It should be noted, though, that the local properties in mucus vary more significantly which is due to the heterogeneity of the material that could be observed in CSEM images. At frequencies above 10 2 Hz, G roughly stays constant at 15 Pa, a value that is significantly below the value of 6 · 10 3 Pa that is found in the macrorheology at a frequency of 1 Hz. The LAOS measurements also revealed significant differences between the HEC gel and the mucus. The latter showed a nonlinear response behavior already at strain amplitudes of γ = 20 %. A similar behavior was found by Ewoldt et al. [14] in LAOS experiments with gastropod pedal mucus. From the CSEM images we know that the mucus has a porous structure with a thick scaffold that builds the pore walls. While the rheometer probes the whole bulk of the fluid, the microrheology accesses mostly the contents of the pores which is formed by an aqueous solution of dissolved biopolymers. This structure is very similar to that of a foam. Foams in general consist of a porous material which is filled with another material of much lower stiffness. This foam like structure can be modeled only if we assume significant simplifications. A suitable approach is the Mori-Tanaka model [28] which considers a foam-like material with elastic walls. In this case, the material is composed of two phases, one of which is the wall material and the other one of which is the material filling the pores. Due to the very large difference in elastic properties we will fully neglect the contribution of the aqueous solution in the pores and then the total macroscopic shear modulus of mucus is linked to the shear modulus of the material of the pore walls by
where c p is the volume fraction of the filling material and β is a dimensionless number. Under the assumption that the wall material is isotropic and homogeneous, it is given by
with Poisson's ratio ν. Under the assumption of a volume fraction of the pores of c p = 47 %, which we determined from the CSEM images, while assuming incompressibility of the pore walls (ν = 0.5) the actual shear modulus of the wall or scaffold material lies above the values measured by the rheometer by a factor of 2.5. This means that the gap between macro-and microrheology increases even further when taking material porosity into account. Given that the liquid inside the pores is rheologically comparable to an aqueous solution, the diffusion in mucus can be as fast as in water for small particles [13] . For larger particles, size exclusion effects occur. Particles above a certain cut-off size, which is determined by the pore size, can be trapped inside the mucus. However, also smaller particle can be retained in the mucus due to interactions with mucus components [29] . Our optical tweezers measurements showed the comparable microrheology of HEC gel and respiratory horse mucus. Thus HEC gel might be an appropriate model to study if diffusion of particles through mucus is impeded by size exclusion effects, given the mesh sizes are similar to mucus pore sizes. However, it needs to be considered that retention of particles due to interaction with mucus components cannot be evaluated by using HEC gel.
Conclusion
Rheological characteristics on the micro-and on the macroscale of native equine respiratory mucus were compared to a synthetic hydroxyethylcellulose (HEC) hydrogel for reference. Our measurements revealed that mucus has peculiar rheological properties that may be best explained by its foam-like microstrucure. This foam like structure is an unique property of the mucus and has to be considered if transport properties of drugs have to be optimized. As the physiologial function of mucus is different at various organs (e. g. respiratory, digestive, or reproductive tract), it appears intriguing to investigate whether such differences are also reflected in different structures and rheological properties across various organs and also species.
Obviously, the entrapment and clearance by mucus as well as the penetration of micro-and nanoparticles by and through mucus, respectively, will strongly depend on the interaction with mucus and the particular path taken by such objects. Besides the chemistry of the interacting object the mucus behavior due to its structure is essential. Knowledge of the basic structure and the understanding of the impact of those structural and functional features of mucus will have important bearings for the design of pulmonary drug delivery systems. Of course, in any realistic situation of physiological relevance, the local ion strength, pH, temperature and local mechanical (shear) stresses will affect the mechanical properties of the mucus. These parameters might not only 12 induce quantitative changes, but future studies have also to reveal if, e.g., under certain circumstances a collapse of the scaffold structure might occur.
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